Introduction {#Sec1}
============

*Cannabis sativa* L., a native plant of Central Asia, is first cultivated in Asia and Europe and is now one of the most popularly cultivated plants worldwide^[@CR1]^. In China, hemp fiber has been used to produce textiles for the past 6000 years^[@CR2]^.

*C. sativa* is one of the most valuable agriculturally important crops in nature. Although it is widely used to produce paper, textiles, building materials, food, and medicine, a secondary metabolite, tetrahydrocannabinol (THC), is also used to produce well-known drugs. Frequent, long-term, selective breeding has produced both hemp fiber and medicinal cannabis strains, with medicinal cannabis showing promise in effectively treating various diseases^[@CR3]^ by relieving an array of symptoms, including pain, nausea, anxiety, and inflammation^[@CR4]--[@CR7]^. The therapeutic efficacy of medicinal cannabis is mainly dependent on cannabinoids, which are endemic metabolites unique to *C. sativa*^[@CR8]^, among which THC and cannabidiol (CBD) are the main chemical cannabinoid compounds.

Although cannabis has considerable economic and medical value, information about its genome is limited. While a genomic draft was published recently, in 2011^[@CR9]^, the splicing of this draft was neither of good quality nor complete, thus hindering its usefulness.

Cannabis is mostly dioecious, with a diploid genome (2*n* = 20) containing nine pairs of autosomes and one pair of sex chromosomes (female plants (XX) and male plants (XY)). The Y chromosome is larger than the X chromosome, and the female plant's haploid genome is estimated to be 818 Mb in size, while the male plant's genome is estimated to be 843 Mb^[@CR10],[@CR11]^. However, the published genome is for cloned *C. sativa* and was assembled using SOAPdenovo software to obtain a genome of approximately 786 Mb^[@CR9]^. It shows a contig N50 = 2.8 kb and scaffold N50 = 16.2 kb, and genome annotations are missing. Additionally, the genome assembly quality is poor since it contains incomplete assembly of gene regions and repeat sequences.

The cannabis genome has been sequenced^[@CR9]^, but the sequenced plant came from a cultivated variety. Generally, cultivated varieties lose substantial genetic diversity through successive bottlenecks due to domestication and selection for traits to increase yield under intensive human cultivation^[@CR12]^. Therefore, wild-type varieties are an important source of genetic diversity for molecular breeding. In this report, we performed genomic sequencing, assembly, annotation, and evolutionary analysis in wild-type varieties of *C. sativa*. The genetic data obtained in this study will be a valuable resource for future studies assessing the pharmacology, chemical constituents, cultivation, and genetic improvement of the traits of these plants and could be used as a reference in future population genetic studies of *C. sativa*.

Results {#Sec2}
=======

Sample collection and sequencing {#Sec3}
--------------------------------

One female of the wild-type *C. sativa* "JL" variety was used for whole-genome sequencing in this study. The sequencing depth was 153×, and 124 Gb of genomic data were obtained. The subread N50 was 13.5 kb (Table [1](#Tab1){ref-type="table"}). Additionally, we performed next-generation, paired-end sequencing and finally obtained a total of 95.97 Gb of clean data. These data were then used to evaluate the quality of the wild-type *C. sativa* "JL" variety genome.Table 1Statistical results for PacBio sequencing dataSampleCellsSubreads_reads (bp)Subreads_base (bp)Average_subreads_length (bp)AccuracySubreads_n50 (bp)GC_meanJL1212,944,138124,211,451,9859,595.960.813,4850.38

RNA sequencing data were used for genome function annotation. Using paired-end sequencing, we obtained 42.1 Gb of clean data, with each sample producing 6.5--9.8 Gb (Supplementary Information; Table [S1](#MOESM1){ref-type="media"}).

Genome assembly {#Sec4}
---------------

A variety of methods were used for genome assembly, and the initial assembly yielded a genome size of 811,814,330 bp, with a contig N50 of 632,748 bp. After assembling the third-generation subreads, the next-generation data were used to correct the genome map. For this purpose, we used BWA (v0.7.9a, RRID: SCR 010910) to compare the next-generation clean reads with the assembled sequence, and based on the comparison results, we corrected the sequence using Pilon (v1.22, Broad Institute, MA, USA)^[@CR13]^. The post-correction genome size was 812,295,151 bp, with a contig N50 of 633,146 bp. Statistical analysis of base pairs in the corrected genome showed that the average GC content in the genome was 33.8%. The contents of other base pairs are presented in Supplementary Information; Table [S2](#MOESM1){ref-type="media"}.

Hi-C {#Sec5}
----

The Hi-C approach efficiently uses high-throughput sequencing to determine the state of genome folding by measuring the frequency of contact between pairs of loci^[@CR14],[@CR15]^. Originally, this technique was developed to generate chromosomal genome assemblies, but it was subsequently found to be useful for genome-wide chromosome conformation capture^[@CR16]^.

Nearly 487 million raw reads (146.25 Gb) were collected and then reduced to 424 million clean reads after filtering out low-quality reads and retaining reads with more than 5% N bases, adapter reads, and single reads. We then successfully clustered, ordered and oriented 2,506 contigs into 10 groups according to the agglomerative hierarchical clustering method in Lachesis (<https://github.com/shendurelab/LACHESIS>)^[@CR17]^, representing 91% and 99% of the total genome by contig number and base count, respectively (Table [2](#Tab2){ref-type="table"}). Along with Hi-C analysis, we visually inspected contig orientation and suspicious fragments and found little incorrect information, and we identified and corrected that information using self-written scripts. We obtained a high-quality chromosome-level cannabis genome with a contig N50 of 513 kb and a scaffold N50 of 83 Mb (Table [3](#Tab3){ref-type="table"}). According to a heatmap of the contig contact matrix with Hi-C data (Supplementary Information; Fig. [S1](#MOESM1){ref-type="media"}), we estimated that the clustering, ordering, and orientation of the contigs was valid (Table [4](#Tab4){ref-type="table"}). Among these contigs, the scaffold N50 was 162 times greater than the scaffold N50 of the preliminarily assembled genes. There were 2,506 mounted and 245 unmounted scaffolds on the chromosomes (Table [5](#Tab5){ref-type="table"}). Our *C. sativa* genome is a solidly based genomic resource for cultivar identification, population analysis, and functional analysis.Table 2Summary of contig/scaffold clustering resultsSampleJLNumber of sequences in draft genome2,752Length of sequences in draft genome (bp)807,650,591Number of sequences in clustering2,506Rate of numbers in clustering (%)91.06Length of sequences in clustering (bp)797,989,137Rate of numbers in clustering (%)98.80Table 3Summary of Hi-C auxiliary assembly resultsItemsContig_len (bp)Contig_numScaffold_len (bp)Scaffold_numTotal807,650,5912,752807,900,192255Max2,865,895--93,001,284--Number ≥ 2000 bp--2,751--255N50513,57446482,998,1985N60401,96764182,468,7406N70301,58187380,615,8937N80214,9741,18970,972,4788N90130,8821,66169,092,1639Table 4Contig/scaffold sorting resultsSampleJLNumber of sequences in ordering2,506Rate of numbers in ordering (%)99.88Length of sequences in ordering797,739,537Rate of lengths in ordering (%)99.99Number of sequences in trunks700Rate of numbers in trunks (%)27.93Length of sequences in trunks405,630,183Rate of lengths in trunks (%)50.85Table 5Summary of Hi-C-assisted assembly pseudomolecule lengthsPseudomoleculeScaffold NumLengthChr129793,001,284Chr224191,276,498Chr331489,817,320Chr426083,221,442Chr525882,998,198Chr629782,468,740Chr723580,615,893Chr820970,972,478Chr926469,092,163Chr1013154,525,121Total anchored2,506797,989,137Unanchored2459,911,055

Assessment of genomic integrity {#Sec6}
-------------------------------

BUSCO (v3.0)^[@CR18]^ was employed to evaluate the accuracy and completeness of our genome assembly, gene set, and transcripts. Based on the OrthoDB (<http://cegg.unige.ch/orthodb>) database, BUSCO built several large, single-copy gene sets covering the branches of the evolutionary tree. When comparing the gene set to the genome, it was noted that the proportion of complete BUSCOs was 92.6% (Supplementary Information; Table [S3](#MOESM1){ref-type="media"}), indicating that the genome assembly integrity was very good.

Due to potential contamination during sequencing and assembly, we further evaluated our genome assembly by using GC depth analysis. The GC depth scatter plot showed no significant differentiation, and points were concentrated around the 34% area, indicating high assembly quality without any bacterial contamination (Supplementary Information; Fig. [S2](#MOESM1){ref-type="media"}). Finally, the sequencing profile base depth was close to a Poisson distribution, further indicating that the assembled genome showed high assembly quality (Supplementary Information; Fig. [S3](#MOESM1){ref-type="media"}).

To evaluate the consistency of the next-generation data, we compared the sequencing reads to the assembled scaffold sequences, and the resultant comparison ratio for the reads and genomic coverage showed that they were deep and complete (Supplementary Information; Fig. [S4](#MOESM1){ref-type="media"}). The comparison rate of the next-generation data was 96.77% (Supplementary Information; Table [S4](#MOESM1){ref-type="media"}), indicating that the assembled genome was of high quality.

Genome annotation {#Sec7}
-----------------

Repeat sequences, including tandem repeats and interspersed repeats, are important components in the genome, and there are two strategies for predicting such sequences. The total lengths of transposon elements obtained from the genome sequence were 118,700,582 and 161,847,743 bp, representing 14.61% and 19.92% of the genome, respectively. For *de novo* prediction, RepeatModeler (v1.0.8) was used to first establish a *de novo* repeat sequence library, after which the genome sequence was predicted using RepeatMasker (v4.0.6). These results revealed a total length of 584,319,477 bp, representing 71.93% of the genome. In addition, we used the *de novo* prediction method with Tandem Repeat Finder (v4.09, <https://tandem.bu.edu/trf/trf.html>) to identify tandem repeats in the genome. The total length obtained by this method was 22,382,718 bp, representing 2.76% of the genome. Finally, we removed overlapping portions of the non-redundant repeats that we identified with those procedures, resulting in 612,733,451 bp of non-redundant repeats, which accounted for 74.75% of the assembled genome (Supplementary Information; Table [S5](#MOESM1){ref-type="media"}; Figshare 1). Long terminal repeats (LTRs) represented 50% of the repeat sequences in the assembled genome (Supplementary Information; Table [S6](#MOESM1){ref-type="media"}).

After predicting the gene approval rating, we used CPC (v0.9-r2)^[@CR19]^ to analyze the potential of the predicted genes and to generate 38,828 predicted genes. The average length of the predicted genes was 551.10 bp, and the average length of their coding sequences was 1153.47 bp. There were an average of four exons per gene with a length of 281.91 bp per exon, and the average intron length was 2147.77 bp. After comparing our predicted gene set with the functional databases SwissProt, NT (<https://www.ncbi.nlm.nih.gov/nucleotide/>), NR, PFAM^[@CR20]^, eggNOG (<http://eggnogdb.embl.de/>)^[@CR21]^, GO (<http://geneontology.org/page/go-database>)^[@CR22]^, and KEGG^[@CR23]^, 38,129 genes were annotated, accounting for 98.20% of the genome (Table [6](#Tab6){ref-type="table"}, Figshare 2). These results were statistically graphed in the NT, NR, UniProt-BLASTX, and UniProt-BLASTP databases (Fig. [1](#Fig1){ref-type="fig"}).Table 6Summary of gene function annotationsDatabaseCountPercentage (%)BLASTP27,33170.39BLASTX27,31570.35GO27,93171.94KO8,72022.46Map5,00812.90NR38,00297.87NT23,27859.95PFAM29,63376.32eggNOG19,28649.67Total_anno38,12998.20Total_unigene38,828100Fig. 1Gene annotation Venn diagram.Comparison of the annotated gene results from the NT, NR, UniProt-BLASTX, and UniProt-BLASTP databases

We predicted non-coding RNAs, such as rRNAs, tRNAs, snRNAs, and miRNAs, by comparing their sequences with the known non-coding RNA library Rfam^[@CR24]^. A total of 2,441 rRNAs, 214 snRNAs, and 281 miRNAs were thus predicted (Supplementary Information; Table [S7](#MOESM1){ref-type="media"}, Figshare 3, 4, 5). tRNAscan-SE^[@CR25]^ was used to predict tRNA sequences in the genome, resulting in 712 tRNAs (Supplementary Information; Table [S7](#MOESM1){ref-type="media"}). To further verify our gene annotation results, we conducted a BUSCO evaluation using the embryophyta_odb10 database, producing a result of 93%, indicating that the annotation results were acceptable (Supplementary Information; Table [S8](#MOESM1){ref-type="media"}).

Gene families and phylogenetic analysis {#Sec8}
---------------------------------------

OrthoMCL (v1.4)^[@CR26]^ was used to classify gene families with single and multiple copies from both closely related and remotely related species. (Supplementary Information; Table [S9](#MOESM1){ref-type="media"} and Fig. [S5](#MOESM1){ref-type="media"}), resulting in the identification of 930 *C. sativa*-specific genes. *C. sativa* shows more genes in common with *Trema orientale* and *Morus notabilis* than with other species (Supplementary Information; Fig. [S6](#MOESM1){ref-type="media"}). We used MUSCLE software (v3.8.31)^[@CR27]^ to perform multiple sequence alignments for all single-copy gene families sequences. After we constructed the integrated supergene sequence, which was based on the four-fold degenerated sites (4DTv sites) of orthologous family genes, we used PhyML (v3.0)^[@CR28]^ to construct the species phylogenetic tree (ML-Tree). As shown in Fig. [2](#Fig2){ref-type="fig"}, *Vitis vinifera* and *Fragaria vesca* in Rosaceae diverged from one another earlier than *T. orientale*, *M. notabilis*, and *Ziziphus jujuba* diverged from each other, and *C. sativa* is most closely related to *T. orientale*.Fig. 2*C. sativa* phylogenetic tree.The longer the branch length, the longer the divergence time. The closer the branches, the closer the predicted genetic relationship. In general, we considered a bootstrapping value above 85 to represent good support for the result. Numbers above the nodes are bootstrap values

Based on our phylogenetic analysis of the integrated supergene sequence, we used PAML's MCMCTREE software (v4.4)^[@CR29]^ and the Bayesian relaxed molecular clock method to estimate divergence time. We used corrected time directly obtained from TimeTree^[@CR30]--[@CR33]^ (see Supplementary Material [10](#MOESM10){ref-type="media"}). The divergence time corresponding to the crown clade of Eudicots was 115 Ma (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3Phylogenetic relationships and divergence time.The blue numbers at the node positions represent the divergence time of each species in millions of years (Ma). The numbers in parentheses indicate the confidence interval of the divergence time, which can be used to estimate the divergence time of target species and other species. The red dots are the calibration time used to correct the time of species divergence

Whole-genome duplication and gene families expansion/contraction analysis {#Sec9}
-------------------------------------------------------------------------

Gene families expansion and contraction were analyzed based on mathematical statistical tests. After the cluster analysis of gene families, those with abnormal gene numbers in individual species were filtered, and CAFE (v4.1)^[@CR34]^ and probabilistic graphical models (PGMs) were then used to simulate the acquisition and loss of genes under the specified phylogenetic tree and to analyze gene families expansion and contraction using hypothesis testing (Fig. [4](#Fig4){ref-type="fig"}). We found 12,801 gene families in the MCRA (most recent common ancestor). In comparison to *M. notabilis*, *T. orientale, V. vinifera, F. vesca*, *Musca domestica*, *Z. jujuba*, and *Papaver somniferum*, there were 2,599 gene families showing expansion and 1,298 gene families showing contraction in *C. sativa*.Fig. 4Fourfold degenerate site (4DTv) value distribution.Green numbers represent the number of gene families present when a species expanded during evolution, and red numbers represent the number of gene families present when a species contracted during evolution

Whole-genome duplication events are widespread in plants and are a potent force that drives plant genome evolution. We used MCscan (v.0.8)^[@CR35],[@CR36]^ to identify genome synteny blocks within *C. sativa* and other related species. Using MUSCLE (v3.8.31)^[@CR27]^, we performed multiple sequence alignment of the internal sequences of the blocks and then calculated 4DTv site values. Based on the abundance of 4DTv site values, we estimated the relative timing of whole-genome duplication (WGD) or species split events. In general, three significant peaks were seen in the *C. sativa* genome (4DTv \~0.19, \~0,42, and \~0.92; Fig. [5](#Fig5){ref-type="fig"}), suggesting that *C. sativa* has experienced three WGD events. We also identified the 4DTv values from collinear blocks between *C. sativa* and the genomes of three closely related species, *M. notabilis*, *T. orientale*, and *Z. jujuba*. Additionally, we identified two ancient WGD events in *T. orientale* with two peaks at \~0.58 and 1.0. The γ event occurred after the divergence between monocots and dicots approximately 185 ± 55 million years ago (Mya)^[@CR37]^. Therefore, this pattern indicates that *C. sativa* experienced large-scale gene duplication more recently than *T. orientale*, 35 Mya. The divergence of *C. sativa* and *T. orientale* occurred at \~52 Mya (4DTv \~0.28), and *C. sativa* and *T. orientale* shared two WGD events (4DTv \~0.42 to \~0.58 and \~0.92 to \~1.0).Fig. 54DTv.The abscissa represents the 4DTv value, and the ordinate represents the proportion of genes corresponding to the 4DTv values

Genomic synteny block analysis can be used to determine the evolutionary source of chromosomes between species^[@CR38]--[@CR40]^. In this study, we used BLASTP (v2.2.31+) to analyze the aligned protein sequences of *C. sativa* and *Z. jujuba* (Rhamnaceae) and then used MCScan (v0.8) to evaluate those results by using genome synteny blocks. Our results showed that *C. sativa* and *Z. jujuba* present a strong genomic synteny relationship (Fig. [6a](#Fig6){ref-type="fig"}).Fig. 6Synteny analysis and LTR analysis.**a** *C. sativa* and *Z. jujuba* synteny showing the span of their shared regions. **b** Long terminal repeat (LTR) occurrence time in different species

LTR recognition and the identification of occurrence history are important in plant genome research. In a plant genome, LTR retrotransposons are the type of transposon constituting the majority of plant TEs. The identification of the historical occurrence of such elements is important for plant genome research, thus placing much emphasis on characterizing LTR structure and identifying LTR sequences. At the same time, the study of LTR evolution elucidates the evolution of plant genome structure and function. LTRs are involved in shaping genomic structure and size, thus affecting the regulation and variation of genes and the origin of new genes. Since the discovery of LTR retrotransposons, research has shown that differences in LTR occurrence can be identified by comparing the time difference between sequenced, target species and related species^[@CR41]^. In this study, LTRharvest (v1.5.10)^[@CR42]^ and LTR_Finder (v1.0.5)^[@CR43]^ were used to identify *de novo* LTR regions of *C. sativa*, *T. orientale*, and *Z. jujuba*. LTR_retriever (<https://github.com/oushujun/LTR_retriever>)^[@CR44]^ was used to integrate the results from LTRharvest and LTR_Finder to obtain a high-quality LTR-RT library and to perform genome-wide LTR-RT annotation. We then generated LTR annotation regions and sequence information for the three species (Supplementary Information; Tables [S11](#MOESM1){ref-type="media"}--[S13](#MOESM1){ref-type="media"}). Through this LTR recognition, we found that the LTR retrotransposon content of 37.1% constituted most of the LTR TEs. Our estimation of LTR occurrence times revealed that *C. sativa*'s recent LTR burst differed from those of both *T. orientale* and *Z. jujuba* (Fig. [6b](#Fig6){ref-type="fig"}).

Discussion {#Sec10}
==========

*C. sativa* is an invaluable plant species given its economic and ecological significance. Here, we generated an updated draft genome for wild-type varieties of *C. sativa* in China using PacBio single-molecule sequencing and Hi-C technology. Our assembled genome is approximately 808 Mb, with scaffold and contig N50 sizes of 83.00 Mb and 513.57 kb, respectively. Our new genome version is more contiguous than the previously assembled genome according to its a contig N50 of 12 kb. Therefore, the genome assembled in this study is superior to the previously assembled genome version.

In this study, we found a contig N50 of 632 kb for the PacBio read assembly. The genome continued to be assembled with the help of the Hi-C physical map, and the contig N50 became 513 kb. Here, we assumed that Hi-C technology concatenated the contigs into superlong scaffolds at the chromosome level. If the contigs were initially assembled correctly, the contig N50 would not change. However, due to the high heterozygosity of the wild-type varieties of *C. sativa*, chimeras were prone to occur during the assembly process, so the result of the assembly would be cut. Once the contig was cut, the contig N50 would decrease slightly, and we therefore considered the slight decrease in the contig N50 to be normal. Scaffolding with Hi-C further facilitated the assignment of all scaffolds to chromosomal positions. In this study, the new genome assembly presented higher genome contiguity and sequence quality than the previous genome assembly.

Because of the high repetition rate and high heterozygosity in the cannabis genome, no high-quality cannabis genome has been generated previously. There are unknown regions in the cannabis genome assembled using SOAPdenovo software by Van Bakel et al. in 2011^[@CR9]^. The genome was not assembled to the chromosome level, and the number and length of the scaffolds in that study are much lower than the values expected for plant genes. Therefore, the cannabis genome assembled in 2011 shows poor quality and does not contain annotation information, which greatly limits its applicability to research on cannabis. In this study, we reassembled a wild-type cannabis genome by using third-generation sequencing data and thus obtained a high-quality cannabis genome.

Single-molecule real-time sequencing has the characteristics of a high throughput and long read length, which can reduce the number of contigs after sequencing and can effectively increase the number and integrity of genomes during the process of genome splicing. We combined TGS and NGS sequencing methods with Hi-C assembly technology to construct a high-density wild-type cannabis genome sequence map.

After obtaining the high-quality cannabis genome, we annotated its genes and thus considerably improved upon the 2011^[@CR9]^ version of the genome. Following the completion of the assembly of its repeat sequences and statistical analysis, we found that cannabis has abundant repeat regions, which may be the cause of the poor quality of the cannabis genome assembled by Van Bakel et al. in 2011^[@CR9]^. This high-quality reference genome will undoubtedly benefit researchers in the exploration and manipulation of the agronomic characteristics of *C. sativa*.

To understand the evolutionary status of cannabis, we analyzed its evolution and divergence times. Through these analysis, we found that the evolutionary status of cannabis and *T. orientale* is close at the molecular level, and their kinship is thus very close. The quality of the *T. orientale* genome is still relatively poor, and the high-quality cannabis genome that we obtained in this study could therefore provide useful information for the future study of the *T. orientale* genome and its evolution. By analyzing whole-genome duplication events in cannabis, we found three recent WGD events and one large-scale duplication event in cannabis and that cannabis shares two WGD incidents with *T. orientale*. Our data further elucidate the evolutionary status of cannabis.

Materials and methods {#Sec11}
=====================

DNA extraction and sequencing {#Sec12}
-----------------------------

All samples were collected from the Kyirong Gully (28°28′--28°66′ N, 85°13′--85°28′ E) in Tibet, China. The Kyirong Gully is a plateau gorge with an altitude of 1,700--6,000 m located on the south slope of the Himalayas and is very isolated from the outside world. Its special geography and environment make the gorge a typical vertical ecological system of Himalayan areas, and it is considered "the richest species gene bank in a plateau area". We extracted high-quality genomic DNA from the leaves of female *C. sativa* using a Plant DNA kit (TIANGEN Biotech, Beijing, China). A 10--20 kb SMRTbell DNA library (Pacific Biosciences of California, CA, USA)^[@CR45]^ was prepared using BluePippin for DNA size selection (Sage Science, MA, USA) and then sequenced on the PacBio Sequel platform (Pacific Biosciences of California, CA, USA) with P6/C4 chemistry. Finally, 124 Gb of subreads were obtained, with 153× coverage of the *C. sativa* genome.

A paired-end library with an insert size of 350 bp was constructed and sequenced using the Illumina HiSeq X Ten platform.

Total RNA was extracted from the roots, stems, leaves, and seeds using the QIAGEN Total RNA Extraction Kit (QIAGEN, Hilden, Germany), and RNA-seq libraries were then constructed using the TruSeq RNA Library Kit (Illumina, CA, USA). These data were used for gene structure prediction.

Genome assembly {#Sec13}
---------------

Since PacBio single-molecule sequencing usually shows an unacceptably high error rate, we used Canu^[@CR46]^ (v1.5) to perform self-correction before assembly. A variety of long-read assemblers, such as SMARTdenovo (v1.5)^[@CR47]^ and Wtdgb2 (v2.1), were employed for *C. sativa* contig construction using the corrected subreads. To further improve contig continuity, the QuickMerge meta-assembler (<https://github.com/mahulchak/quickmerge>)^[@CR48]^ was employed with the contigs from Wtdbg2 as the query input and those from SMARTdenovo (v1.5) as the ref input. The two sets of contigs were aligned using NUCmer from MUMmer (v4.0.0) with the parameters "-l 100" and the delta-filter parameters "-i 95 -r". Then, QuickMerge (<https://github.com/mahulchak/quickmerge>) was used with the parameters '-hco 5.0 -c 1.5 -lm 5000'. The errors in the primary assembly were corrected by using PacBio subreads with blasr (v5.1) and Arrow (v2.2.1), and the Illumina paired-end reads were then mapped to the contigs using bwa-mem to polish the contigs with Pilon (v1.22, Broad Institute, MA, USA)^[@CR13]^.

Evaluation of the assembled genome {#Sec14}
----------------------------------

Two methods were used to evaluate the quality of the final assembly: (1) We used the Benchmarking Universal Single-Copy Orthologs (BUSCO v3.0)^[@CR18]^ approach to evaluate the accuracy and completeness of the genome assembly, which provides quantitative measures for the assessment of genome assembly based on evolutionarily informed expectations of gene content from near-universal single-copy orthologs; and (2) Illumina paired-end reads were mapped to the final assembly to evaluate its completeness using bwa-mem with the default parameters.

Chromosome assembly using Hi-C {#Sec15}
------------------------------

In this study, we used *C. sativa* root samples for Hi-C experiments and data analysis, and leaf samples from the same plant were used for to generate a Hi-C library. The Hi-C library was prepared using a NEBNext Ultra II DNA Library Prep Kit, and the library was sequenced on the Illumina HiSeq X Ten platform.

The clean reads were mapped to the *C. sativa* genome using Bowtie2 (v2.2.3) with the default parameters. The two ends of paired reads were separately mapped to the genome. After filtering out dangling ends, self-annealing sequences, and dumped pairs, the valid paired-end reads of unique, mapped paired-end reads were collected using HiC-Pro (v2.10)^[@CR49]^. Finally, we applied the agglomerative hierarchical clustering method in Lachesis (<https://github.com/shendurelab/LACHESIS>)^[@CR17]^. Valid interaction pairs were used to build interaction matrices and scale up the primary contigs to chromosome-scale scaffolds with LACHESIS^[@CR17]^. The general procedure of LACHESIS is to first cluster the contigs into chromosomal groups with the agglomerative hierarchical clustering algorithm and then order and orient the contigs of each chromosomal group into pseudochromosomes. We set CLUSTER_N=10 for LACHESIS, and then performed full-range scanning of the five key parameters, including CLUSTER_MIN_RE_SITES \[15, 2000\], CLUSTER_MAX_LINK_DENSITY \[1, 10\], CLUSTER_NONINFORMATIVE_RATIO \[1v, 10\], ORDER_MIN_N\_RES_IN_TRUNK \[15, 2000\], and ORDER_MIN_N\_RES_IN_SHREDS \[15, 2000\]. After approximately 1,000 trials, the best candidate was selected if it included \>95% of the ordered contig length and rearranged manually. Finally, 2,506 contigs (representing 99.8% of the total length) were anchored to 10 pseudochromosomes of *C. sativa*.

Assessment of genomic integrity {#Sec16}
-------------------------------

We used BUSCO (v3.0)^[@CR18]^ to evaluate the accuracy and completeness of our genome assembly, gene set, and transcripts. Based on the OrthoDB (<http://cegg.unige.ch/orthodb>) database, BUSCO builds several large, single-copy gene sets covering branches of the evolutionary tree. When comparing the gene set to the genome, we found that the proportion of complete BUSCOs was 92.6%, thus indicating very good genome assembly integrity.

Repeat element identification {#Sec17}
-----------------------------

Repeat sequences, including tandem repeats and interspersed repeats, are important components of the genome. Two strategies, homology alignment and *de novo* searches, were combined to identify repeats. First, we identified homologous repeat sequences based on RepBase (<https://www.girinst.org/server/RepBase/index.php>)^[@CR50]^. In addition, we used the *de novo* prediction method of RepeatModeler (<http://www.repeatmasker.org/RepeatModeler/>) with the default parameters. Tandem Repeat Finder (<https://tandem.bu.edu/trf/trf.html>) was used to find tandem repeats in the genome.

LTR-RTs are important for plant genome evolution, so we used LTRharvest^[@CR42]^ and LTR_Finder^[@CR43]^ to identify the *de novo* LTRs of *C. sativa*, *T. orientale* and *Z. jujuba*. LTR_retriever^[@CR44]^ was used to integrate the results from LTRharvest and LTR_Finder to obtain a high-quality LTR-RT library and perform genome-wide LTR-RT annotation.

Noncoding RNA prediction {#Sec18}
------------------------

tRNA genes were detected with tRNAscan-SE (<http://lowelab.ucsc.edu/tRNAscan-SE/>), and other noncoding RNAs, such as rRNAs, tRNAs, snRNAs, and miRNAs, were predicted by comparison with the known noncoding RNA library of the Rfam database (<http://rfam.xfam.org/>).

Gene prediction {#Sec19}
---------------

Gene models were predicted by integrating three approaches: homology-based, transcriptome-based, and ab initio prediction. In homology-based prediction, the protein sequences of *Arabidopsis thaliana*, *Oryza sativa*, and *Zea mays* were downloaded and aligned to the genome using BLAST (*E*-value: 1e − 5), and gene models were defined using GeMoMa^[@CR51]^. CPC^[@CR19]^ was used to examine gene coding potential. A gene model was retained as the final set if it presented evidence of transcription and coding potential.

Functional annotation {#Sec20}
---------------------

We predicted the function of the protein-coding gene set by searching against public databases including SwissProt (<http://www.ebi.ac.uk/interpro/search/sequence-search>), NT (<https://www.ncbi.nlm.nih.gov/nucleotide/>), NR ([https://www.ncbi.nlm.nih.gov/protein/](https://www.ncbi.nlm.nih.gov/protein)), PFAM (<http://xfam.org/>)^[@CR20]^, eggNOG (<http://eggnogdb.embl.de>)^[@CR21]^, GO (<http://geneontology.org/page/go-database>)^[@CR22]^, and KEGG (<http://www.genome.jp/kegg/>)^[@CR23]^.

Gene families and phylogenetic analysis {#Sec21}
---------------------------------------

The genomes of *C. sativa* and seven other plants, including *Z. jujube, V. vinifera, F. vesca, P. somniferum, T. orientate, M. notabilis*, and *M. domestica*, were collected for evolutionary analysis. An all-vs.-all BLASTP (v2.2.28) (*E*-value: 1e − 5) search was carried out, and then OrthoMCL^[@CR26]^ was used to identify paralogous and orthologous genes.

MUSCLE^[@CR27]^ was used to perform multiple sequence alignments for all single-copy orthologous genes. After we constructed the integrated supergene sequence, which was based on the four-fold degenerate sites (4DTv sites) of single-copy orthologous genes, PhyML^[@CR28]^ was used to construct the phylogenetic tree (ML-Tree) with bootstrap values. The divergence time between the eight species were estimated using MCMCTREE^[@CR29]^ of the PAML package. The calibration points were selected from the TimeTree database (<http://www.timetree.org/>)^[@CR30]--[@CR33]^ as the normal priors to restrain the age of the nodes.

Expansion/contraction analysis of gene families {#Sec22}
-----------------------------------------------

After gene families cluster analysis, the gene families sizes from OrthoMCL and the phylogenetic trees, including branch lengths, were used as inputs for CAFE^[@CR34]^. The λ value was estimated based on a stochastic birth and death process model. Gene families were considered significantly expanded or contracted when they presented *p* values smaller than 0.05.

Synteny and whole-genome duplication {#Sec23}
------------------------------------

Whole-genome duplication events are widespread in plants and are important for dynamic genome evolution. MCscan^[@CR35],[@CR36]^ was used to identify synteny blocks, defined as regions with more than five collinear genes between paired genomes. MUSCLE^[@CR27]^ was used to perform multiple sequence alignment for the sequences of the synteny blocks. The 4DTv value was calculated as the number of transversions at all four-fold degenerate synonymous sites.
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